
Strategy for Luminosity Optimization

S. M. White, CERN, Geneva, Switzerland

Abstract

Integrated luminosity is a key parameter for the perfor-
mance of a particle collider and depends both on beam pa-
rameters and operational efficiency. The experimental de-
tectors are turned on and start acquiring useful data only
when the machine is declared as stable, it is therefore im-
portant to minimize the duration of the activities from the
collapsing of the separation bumps until STABLE BEAM
is declared. After a review of the current procedure and
tools used to bring beams into collision and optimize lu-
minosity, observations and lessons learnt during the 2010
proton run will be presented. The reproducibility and im-
plication of the current procedure regarding machine pro-
tection and operation efficiency will be discussed based on
this first experience.

INTRODUCTION

The event rate Ṅ of a process of cross section σ and the
instantaneous luminosity L0 are related for head-on colli-
sions of Gaussian shaped beams by:
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where N1 and N2 are the bunch intensities, f the rev-
olution frequency, Nb the number of bunches per beam
and σix,iy the effective transverse beam sizes. The two
counter rotating beams do not always collide head-on and
the beams can be separated in the horizontal and vertical
directions by arbitrary amounts δx and δy. The luminosity
is then expressed as:

L = L0 exp

[

−
δx2

2 (σ2
1x + σ2

2x)
−

δy2

2 (σ2
1y + σ2

2y)

]

. (2)

A fit of the measured interaction rates as function of the
separation will allow to determine the optimal beam posi-
tions to maximize the collision rate. This method was used
at the LHC to optimize the luminosity at the four interac-
tion points [1]. As seen in Equation 2 separation scans can
also be used to measure the effective beam sizes at the in-
teraction points and therefore normalize the luminosity [2].

AUTOMATED OPTIMIZATION
ALGORITHM

A control software was developed for the purpose of
luminosity calibration and optimization using separation
scans to allow for fast and automated optimization of the

four LHC interaction points. Luminosity optimization is
usually performed at the beginning of fills when the lumi-
nosity lifetime is the worst. The key parameter to develop
a routine for luminosity optimization is therefore the effi-
ciency. A simple routine was developed for this purpose
which algorithm can be described as follows:

• 1: take a reference at current location. Integrate the
luminosity over n seconds.

• 2: compute average and rms at this point.

• 3: move beam1, beam2 or both by d.

• 4: integrate over n and compute average and rms.

• 5: compare the two points.

• 6: step by d if the new point is larger than the reference
or by -2d if it is smaller.

• 7: repeat steps 3 to 5 until the new acquisition is
smaller than the previous one displacing the beams in
the direction set in step 6.

• 8: compute a parabola (analytically) from the last
three points and find the optimum settings.

• 9: move to the optimum and take a last acquisition to
confirm the increase with respect to the reference.

The user inputs for this routine are n which corresponds
to the integration time per step and d which corresponds to
the step size. d should be large enough to ensure a signifi-
cant change in rates between two consecutive acquisitions.
The operator can also specify the IP beam and plane that re-
quires an optimization and which signal (detector) should
be used. This method, developed at RHIC [3], allows for
fast optimization with simple input parameters of a single
interaction point or several in parallel or in series.

COMMISSIONING

Figure 1 shows the optimization of all IPs in series dur-
ing a squeezed optics proton physics fill with a luminosity
of about 5 1027cm−2s−1. The luminosity was significantly
increased in all IPs except for IP1 where no correction was
needed. Each scan consisted of 3 steps of 30 s with a range
of ±2σ for a total duration of a few minutes. The overall
duration of the full procedure was about 45 minutes.

At low luminosity, the duration of a scan is constrained
by the requirements on the statistical accuracy for each scan
step. After each fill the optimum settings are saved and
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Figure 1: Optimization scans performed in series for
squeezed optics in all IPs. The BRAN data shown here
are not calibrated which explains the differences between
the IPs.

used as the new reference for the next fill. Later on, the al-
gorithm for automated parallel optimization was commis-
sioned and reduced the duration of the optimization to a
few minutes. This is shown in Figure 2 in the case of an ion
physics fill where only three IPs were optimized as LHCb
is not taking data during ions physics.
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Figure 2: Parallel optimization during an ion physics fill. It
took 10 minutes from collision to physics conditions out of
which 3 minutes were used to optimize the collision point.

REPRODUCIBILITY AND STABILITY

The luminosity is generally optimized at the beginning
of physics fills using dedicated closed orbit bumps. Look-
ing at the variations of the amplitude of these bumps from
fill to fill one can estimate the reproducibility of the opti-
mal collision point. This is illustrated in Figure 3 where
the fill to fill variations are shown for the last two month of
the LHC 2010 proton run. It is seen that the amplitude of
the corrections are in most of the case smaller than 60 µm
which corresponds to about one beam σ at the IP for an en-
ergy of 3.5 TeV and a β∗ of 3.5 m. Excluding IP2, the peak
and rms corrections are 180µm and 41 µm in the horizon-
tal plane and 90µm and 21µm in the vertical plane. This
is clearly sufficient to find the collision point as soon as the
injection bumps are ramped down in the case of the 2010
beam parameters. The nominal LHC (7 TeV, β∗=0.55 m)
IP beam size is of the order of 17 µm. It could therefore

become necessary to improve the reproducibility as the IP
beam size becomes smaller.
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Figure 3: Amplitude of the corrections applied from fill to
fill to bring the beams colliding head-on. The fill to fill
reproducibility is of the order of 60 µm. Large fluctuations
in the horizontal plane at IP2 are observed due to offset
collisions.

The large fluctuations observed in the horizontal plane
at IP2 are due to operation with offset collisions to reduce
the luminosity to the level requested by ALICE. The cor-
rections for IP2 only are shown in Figure 4, one can see on
this plot that the vertical plane was in most of the cases not
optimized. While some fluctuations are expected when set-
ting the luminosity to a constant value at the beginning of
fills when the emittance and intensity vary any offset in the
opposite plane (in this case vertical) will also be compen-
sated in the process and will represent an additional source
of non-reproducibility. It is therefore desirable to system-
atically optimize the vertical plane before leveling the lu-
minosity with a separation in the horizontal plane in order
to keep the orbit as stable as possible.
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Figure 4: Corrections for IP2 only. Most of the time no
corrections were applied in the vertical plane which could
have helped reducing the fill to fill variations.

In order to assess the performance in terms of orbit sta-
bility during a fill a few scans were performed at the end
of fills which results are shown in Table 1. No significant
separation drift was observed over the duration of these
physics fills which proves the excellent performance of the
LHC in terms of stability. It is however important to as-
sess the stability of the collision point in a more systematic
way to determine how often these optimization scans would
be needed. This could be done almost parasitically during



physics fills by regularly performing optimization scans in
order to derive some systematic behavior.

Table 1: Position of the peak luminosity as measured with
end of fills scans.

IP1 IP5
Fill Nb ∆x ∆y ∆x ∆y

(µm) (µm) (µm) (µm)
1366 3 3 2 10
1372 1 -4 7 -2
1373 6 16 -5 -3
1393 -5 -2 -2 -5
1450 -1 4 - -

COLLAPSING THE SEPARATION BUMPS

The beams are brought into collision through a
’PHYSICS’ beam process that ramps down the injection
separation bumps and loads the optimized bump settings
from the last physics fill. The overall duration of this op-
eration was 108 seconds for protons in 2010. After that,
global corrections are performed and the luminosity is opti-
mized at the four interaction points with scans before STA-
BLE BEAM is declared. As illustrated in Figure 2, from
the moment when the injection bumps are ramped down it
takes about 10 minutes to declare STABLE BEAM. Dur-
ing this time no physics data are acquired by the experi-
ments as they can fully turn on their detectors only after
STABLE BEAM is declared. It is therefore relevant to in-
vestigate possibilities to improve efficiency in order declare
STABLE BEAM as soon as possible.

Injection separation bumps are generated with orbit cor-
rectors. In order to collapse the separation bumps the frac-
tion of the field of these correctors used to separate the
beams has to be ramped down to zero. In this process
a parabolic-linear-parabolic ramp will be assumed. The
parabolic phases depend on an acceleration term and the
linear phase on dI/dt. The separation at the IP varies lin-
early with the current applied to the correctors. It is pos-
sible to find the minimum collapsing time by varying the
strength of the MCBX.

Figure 5 shows the evolution of the collapsing time ver-
sus the MCBX angular kick at IP1 for the 3.5 TeV LHC
optics (full 2 mm separation). Given the actual hardware
settings, the limitation comes from the MCBX and the col-
lapsing time only depends on its acceleration and ramping
rate. About 20 seconds can be gained with the current hard-
ware performance, increasing the ramp rate of the MCBX
to 5 A/s (as initially foreseen) or splitting the strength be-
tween the different MCBXs would significantly reduce the
overall duration. The collapsing time scales with energy
as the required current in the orbit correctors will increase,
in this case the gain becomes more significant as demon-
strated in [4]. In 2010, the bumps were collapsed from the
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Figure 5: Time required to bring beams into collision as
a function of the MCBX strength for IP1. About 20 sec-
onds can be gained with the current hardware performance,
changing the ramp rate of the MCBX to 5 A/s would reduce
this time to about 20 seconds.

full 2 mm separation required at injection. As the beams
are ramped to high energy the beam size at the IP is re-
duced and therefore the IP separation could also be reduced
in this process in order to gain some time in the process of
bringing them into collision.

LUMINOSITY OPTIMIZATION AND
MACHINE PROTECTION

The beams are displaced at the IP via a closed orbit
bump that consists of four magnets and allows to control
the beams independently.
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Figure 6: Example of closed orbit bumps using different
orbit correctors at IP5. Displacing the beam at the IP also
changes the orbit at the tertiary collimator location.

One can see in Figure 6 that a four magnet separation
bump extends over a large fraction of the straight section
around the IP. More specifically, displacing the beams at
the IP will result in a change of orbit at the tertiary colli-



mators (TCT). Given the non-negligible offset at the TCT
introduced by the bumps, one has to ensure that while per-
forming a separation scan the beams remain far enough
from the aperture set by the collimators and that the dis-
placement does not compromise the machine protection.
In 2010, the displacement at the TCT was minimized by
splitting the amplitude of the corrections required to find
the optimum collision point between the two beams. Initial
estimates [5] showed that in case the orbit is stable within
tolerance and does not drift to far off the reference orbit,
there should be sufficient margins to perform optimization
scans with limited separation range while preserving the
collimator hierarchy and the triplet protection. It is how-
ever important to confirm these estimates with experimen-
tal data.

A detailed study of the collimation system performance
and estimates of the real available margins based on mea-
surements for the 2010 proton run can be found in [6] and
[7]. The margin was estimated to be of the order of 2.5 σ
for the 3.5 m optics. On the two top plots of Figure 7 the
orbit fluctuations at the TCTs expected from the scans (es-
timated from the bump amplitude) are shown. The two bot-
tom plots show the measured orbit fluctuations from fill to
fill. The estimated fluctuations from the scans are in gen-
eral smaller than 0.2σ and go up to 0.5 σ in the case of IP2
where the beams were colliding with an offset. This is well
within the margin of 2.5 σ estimated in [7]. The measured
orbit fluctuations are larger than what is expected from the
scans only, and large offsets (up to 1.5σ) are observed from
the beginning. One can conclude from these observations
that during the 2010 proton the optimization scans ampli-
tude remained well within the safety margins and only con-
tributed partially to the overall orbit fluctuations in the TCT
region. A review of the procedure to control and correct the
orbit in the IR regions could improve these performance
and the stability of the collision point.

A possible scenario for the 2011 LHC proton run is to
operate with a higher energy and a β∗ of 1.5 m in which
case the margin was estimated to 1.5σ [7]. It is possi-
ble to estimate the contributions to the orbit fluctuations
at the TCTs from scans by rescaling the 2010 measure-
ments. This is shown in Figure 8 where an energy of 4 TeV
was considered. In case the energy remains at 3.5 TeV this
picture will improve as the beam size at the TCTs will be
larger. It is seen that the maximum displacement is of the
order of 0.2 σ for an rms of 0.05σ which is well within the
available margin, it should therefore be possible to safely
operate the machine using the same procedure as in 2010
for luminosity optimization assuming the overall perfor-
mance of the machine are the same. As β∗ is decreased
the aperture in the triplets becomes tighter. One should
therefore make sure the triplets remain in the shadow of
the TCTs when driving IP separation bumps to large am-
plitudes.
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Figure 7: The two top plots illustrate the displacement at
the TCT resulting from the optimization scans for beam
1 (left) and beam 2 (right). One can observe a symmetry
between the two beams as the corrections amplitude is split
in between them. The fluctuations are of the order of 0.2 σ.
The two bottom plots show the difference with respect to
the reference orbit at the TCT as measured from the BPMs
in the horizontal (left) and vertical (right) planes. One can
see that the fill to fill fluctuations are larger than what is
expected from the scans.
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Figure 8: Rescaling of the observed displacement at the
TCT from the scans at 3.5 TeV and β∗=3.5 m to 4 TeV and
β∗=1.5 m. The expected fluctuations are of the order of
0.1 σ.

CONCLUSION

The procedures and tools for luminosity optimization
were successfully commissioned and operated during the
2010 LHC run. The performance are excellent for a first
year of operation. The fill to fill reproducibility could be
further improved with a better control of the orbit in the IR
region which could become necessary when the IP beam
size is significantly reduced. No significant drift was ob-
served during a fill. The interaction with the machine pro-
tection system proved to be small in 2010 and no significant



issues are foreseen in the case of smaller β∗ and higher en-
ergy as long as the performance in terms of reproducibil-
ity and stability remain the same. The bump amplitudes
should however be carefully monitored in order to ensure
that the orbit at the TCTs and at the triplets remains within
the margins set by the collimation system. The procedure
to bring beams into collision is well optimized. The effi-
ciency could be slightly improved with an optimization of
the separation bumps and a reduction of the separation dur-
ing the ramp. The orbit fluctuations at the TCTs during op-
timization scans observed in 2010 as well as the estimates
for 2011 are well within the available margins, perform-
ing these scans during STABLE BEAM could therefore be
considered as a possible improvement of the procedure.
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